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Abstract
The overall mass transfer coefficient, G20, for a single hole orifice plate was evaluated in
a series of experiments as affected by four geometric variables: orifice plate hole diameter (5,
10, 14, 19, and 22 mm), hydraulic head on the flooded plate (2.5, 5, and 13 cm), water fall
height from the orifice to the receiving pool of water (30, 61, 91, and 122 cm), and the
collection pool depth (2.5, 8, 13, 25, and 41 cm). This is, in essence, the simplest form of a
low head oxygenator (LHO). A regression equation was developed to predict G20 as a
function of these variables, their interactions, and squared terms. The hydraulic head above
the flooded plate had no significant effect (P0.10) on the overall mass transfer coefficient.
It was determined that the contribution of the orifice hole solely to overall gas transfer was
much less than previously assumed, suggesting that a much larger percentage of gas transfer
is due to the splashing and subsequent entrainment as water droplets fall into the receiving
pool of water. Practical implications of the results are discussed.
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1. Introduction
The low head oxygenator (LHO) is a relatively new patented method of gas
transfer in aquaculture applications (Watten, 1989). It is most appropriate for
applications, where low pumping costs and ease of maintenance are of prime
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importance. LHO’s were developed initially for the aquaculture industry as an
efficient and simple device for adding oxygen to and for stripping nitrogen from
water. Efficiently designed LHO’s are not subject to problems of low oxygen
transfer efficiency, high pumping costs or biological fouling as is generally associ-
ated with other common gas transfer devices described in the literature, such as
packed columns, U-tubes, spray columns, aeration cones, venturi oxygen injection,
and diffused aeration (Timmons and Losordo, 1994; Lawson, 1995). LHO’s vary in
configuration, but all are fundamentally similar in operation. LHO units consist of
a distribution plate positioned over multiple (5–10) rectangular chambers (Fig. 1).
Water flows over the dam boards at the end of a raceway or is pumped upwards
from an indoor fish tank, through the distribution plate, and then falls through the
rectangular chambers. Pure oxygen is introduced into the outer or first rectangular
chamber, flows through the series of individual chambers, and finally is vented to
the atmosphere. Each of the rectangular chambers is gas tight and the orifices
between the chambers are properly sized and located to reduce back mixing
between chambers.
There is little published information available on how to optimize the physical
geometry of an LHO for optimum gas transfer efficiencies. Most studies have
determined how gas and liquid flow rates change the oxygen absorption efficiency
in commercially available LHO’s (Dwyer and Peterson, 1993; Wagner et al., 1995).
Fig. 1. Typical LHO configuration and components showing water flowing into a collection trough or
plate (A), through a perforated distribution plate (B), and is oxygenated in the chambers (C), as gas
flows from inlet gas port (D), through holes between chamber to chamber (E), to the off gas port (F),
where excess gas is bubbled off under water. Water exits at the bottom of the unit (G).
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The objective of this study was to determine the mass transfer coefficient for oxygen
transfer based on four independent elements of LHO geometry: hydraulic head over
the distribution plate (Y1), flooded plate hole orifice diameter (Y2), depth of the
pool (Y3) at the bottom of the LHO into which the streams of water fall, and falling
distance of the water (Y4) from the distribution plate to the receiving pool. Each of
these dimensions were varied over the expected range of commercial applications
while keeping the others constant, thus quantifying the impact each has on gas
transfer.
2. Materials and methods
2.1. Deelopment of equation predicting system mass transfer coefficient
The prediction of the oxygen mass transfer coefficient focused on one hole in a
flooded plate through which a single stream of water would fall into a collection
pool. This is, in essence, the simplest form of an LHO. The experimental LOH with
one hole is shown in Fig. 2 and was constructed as follows. A series of steel plates
(13 cm2, 3 mm thickness) were made each with a single hole of varying diameter: 5,
10, 14, 19, and 22 mm. These plates were individually attached to the bottom of a
20-l container (25 cm bottom diameter and 36 cm depth). The receiving container
had a large hole in its bottom so that the water passing through the hole in the
plate could pass from the bottom of the container. An adjustable standpipe was
also fitted in the bottom of the container alongside of the plate allowing the height
of the water flooding the plate (hydraulic head) to be regulated to depths of 2.5,
5.08, and 13 cm. The standpipe wasted excess water that did not pass through the
hole in the flooded plate and maintained a constant hydraulic head.
The flooded plate apparatus was suspended above the collection pool with a
chain and snap clip allowing the fall height to be adjusted to: 30, 61, 91, and 122
cm. A second 20-l container was used as a collection pool for the falling water. The
effluent water from the collection pool exited through a hole in the bottom of the
collection pool container and was routed upward through two 90° bends (4 cm
diameter PVC). Three standpipes of different heights could then be coupled to the
end of this U-tube to control the height of the water in the collection pool. Three
collection pool depths were investigated with this collection pool apparatus (2.5, 8,
and 13 cm) and another collection pool was constructed allowing for deeper depths
to be studied (25 and 41 cm). The larger collection pool was made from 25 cm
diameter PVC pipe sealed with a plate at the bottom. Two exit holes were drilled
into the side of the PVC tube at heights of 25 and 41 cm.
Water that was pumped into the top container with the flooded plate came from
a 1400-l circular reservoir. The reservoir water was deoxygenated with a combina-
tion of cobalt chloride and sodium sulfite (0.05–0.10 mg/l cobalt chloride and
8.0–10.0 mg/l sodium sulfite for each mg/l of DO in the water; Boyd and Watten
(1989)). The low DO water was pumped from the reservoir to the top bucket with
a submersible pump (Sears Roebuck Co., Model 390.269550, USA). The flow
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Fig. 2. Experimental apparatus used to determine gas exchange through a single orifice hole in a flooded
plate where hydraulic head, hole size, fall height, and receiving pool depth could be varied: (A) Chain
and clip for regulating fall height; (B) 20-l bucket; (C) plastic cylinder with holes and baffles for
distributing water evenly to orifice plate; (D) adjustable standpipe to regulate hydraulic head; (E) water
stream exiting from single hole in plate; (F) gate valve; (G) pump; (H) hose for returning unused water
to tank; (I) 1400-l reservoir; (J) bucket used as collection pool; (K) standpipe for depth control.
through the experimental apparatus was measured by using a container of known
volume and recording the time it took to fill. Atmospheric air was used as the
oxygen source.
Each of the four geometric parameters was individually varied while holding the
others constant. Influent and effluent dissolved oxygen levels (DO) were measured
with a polarographic oxygen probe (YSI, model 54ARC, Yellow Springs, OH). The
meter was calibrated with a spectrophotometer (Hach Co., Model DR/2000,
Loveland, CO) using standardized solutions. Saturation levels for dissolved oxygen
were calculated from measurements for temperature and pressure based on Colt
(1984), and the resulting GT values for each experimental condition were calculated
from the equation given by Hackney and Colt (1982):
GT= ln
 Cs−Cin
Cs−Cout
n
(1)
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These GT values were normalized to G20 values for 20°C by using a van’t
Hoff–Arrhenius relationship (APHA, 1995):
GT=G20(1.024)T−20 (2)
The  value was assumed to be 1.00 in this analysis as clean tap water was used in
all experiments. Two least squares regressions were calculated from the data. A
regression analysis was used to develop a prediction equation of G20 as a function
of the operating parameters, their interactions, and their squared terms. Statistical
significance for factor effects was evaluated with the Student’s t-test at the 90%
confidence level. This analysis was performed by starting with all the independent
variables and then eliminating insignificant terms one at a time and then repeating
the regression analysis until only significant variables were remaining.
2.2. Orifice only contribution
The relative contribution of gas transfer due to water passing through the plate
orifice was determined by withdrawing water from the falling stream a short
distance below the orifice plate. Water samples were extracted 10 cm below the
flooded plate with a syringe (Monoject, 60 cm3, 16 gauge by 4 cm needle). The 10
cm point was selected to eliminate any possible gas transfer occurring at the orifice
due to additional turbulence from the extraction process. Also, the short distance
below the orifice plate was assumed sufficiently close to minimize any contribution
to gas transfer by diffusion into and out of the water stream from the air
environment around the falling water stream relative to what would occur at the
orifice and the splashing upon pool entry. The dissolved oxygen level in these
samples was measured by transferring the sample water to an AccuVac® vial and
measuring DO with a spectrophotometer (Hach Co., Model DR/2000) because of
the small volume of water available for measurement. Hydraulic heads of 2, 8, and
13 cm were used for each hole size investigated: 5, 10, 14, and 19 mm.
3. Results
3.1. Equation predicting system mass transfer coefficient
No significant correlation existed between hydraulic head or any of its interactive
terms and the resulting G20 values (P0.10). Put simply, hydraulic head (Y1) only
correlates with water velocity through the orifice hole and does not affect G20
values. The least squares regression to correlate G20 as a function of hole size (Y2),
collection pool depth (Y3), and drop height (Y4) yielded the following predictive
equation (R2=0.92, n=83):
G20=1.483E−01−2.337E−02(Y2)+1.689E−02(Y3)+9.756E−03(Y4)
+4.880E−04(Y22)−4.673E−04(Y32)−3.230E−05(Y42)+ 3.494E
−04(Y2Y3)+3.009E−05(Y3Y4), (3)
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where hole size (Y2) is in mm diameter, collection pool depth (Y3) is in cm, and
drop height (Y4) is in cm; all terms are significant (P0.10). The standard errors
of the individual coefficients in Eq. (3) are given in Table 1 along with the t-values
for the correlation coefficients on individual terms. A comparison of predicted G20
using Eq. (3) and measured G20 values for the entire data set are compared in Fig.
3.
3.2. Orifice only G20 alues
There was no significant correlation between any of the operating parameters and
the G20 values when water was extracted 10 cm below the orifice hole in the plate
(P0.10, R2=0.18, n=21). G20 values ranged between 0.041 and 0.156 with an
average of 0.100. This is lower than the average G20 value of 0.289 for zero packing
depth reported by Watten and Boyd (1990).
4. Discussion
Results from the least squares regression analysis showed that hydraulic head did
not significantly affect gas transfer efficiency over the range of depths tested (2.5, 8,
and 13 cm). This is an important consideration in the operation of an LHO.
Hydraulic head can be modified with pumping rate or selection of hole size or
number of holes. Other considerations related to head depth include effective water
distribution over the perforated plate and sufficient depth to prevent vortex
creation to individual holes that would allow oxygen loss from a chamber section
beneath the flooded plate. Structural design is also clearly impacted by selected
flooded plate depth.
Table 1
Correlation coefficients for the G20 model along with the Student’s t-statistic values on individual
termsa
CoefficientParameter Standard error t-statistic*
1.48347E−01Intercept 5.89E−02 2.52
−2.33659E−02 6.67E−03 −3.50Y2 (mm)
1.68889E−02Y3 (cm) 2.95E−03 5.72
9.75642E−03 1.12E−03 8.70Y4 (cm)
Y3
2 −9.634.85E−05−4.67300E−04
7.09E−06 −4.55−3.22959E−05Y4
2
Y2
2 4.88021E−04 2.41E−04 2.03
3.49355E−04Y2Y3 1.18E−04 2.97
1.971.53E−053.00914E−05Y3Y4
a Y1=hydraulic head over flooded plate (cm), Y2=hole orifice diameter in flooded plate (mm),
Y3=receiving pool depth (cm), and Y4= fall height of water from plate to receiving pool (cm);
R2=0.92, n=83.
* All terms are significant at the 0.10 level.
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Fig. 3. Comparison of predicted and measured G20 values for entire data set for a single hole orifice plate
with varying hydraulic heads, fall heights, orifice hole sizes, and receiving pool depths.
The primary variables of hole size and fall height, which both contribute to
momentum of the water as it impacts the receiving pool, were found to be highly
significant variables as would be expected. Surprisingly, the receiving pool depth
was also a significant factor, but the range of pool depths investigated was limited,
as the deepest depth tested was 41 cm. In practice, most if not all LHO’s would
have receiving pool depths of at least 41 cm. Greater depths were not evaluated,
assuming that deeper depths would behave similarly to the 41 cm pool depth.
Visual observations indicated complex interactions between bubble entrainment,
bubble size, and bubble penetration depth, all of which were affected by the
selection of pool depth. Again, selection of pool depth is also impacted by
structural considerations and available elevation differences between the water
entering the flooded plate and the water exiting the LHO. Design engineers may
want to consider the overall impacts of these two findings on new designs of
LHO’s, particularly where available elevation and fall heights are limited.
The relationship between G20 and the effects of orifice hole size, pool depth and
fall height are demonstrated in Figs. 4–6 using a set of standard conditions:
T=20°C, =1.00. The effect of receiving pool depth (Fig. 5) shows maximum G20
values being predicted at the mid-pool depths tested, e.g., 25 cm. This is a fairly
shallow pool depth compared to what will generally occur in raceway culture. One
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might consider placing an artificial elevated floor or mesh in the receiving pool,
where deeper pools exist to increase gas transfer. It is also helpful to know that this
shallow pool depth can be used, where all hydraulic head must be supplied by
pumping such as occurs in recirculating aquaculture systems.
The size of the holes to be used in the distribution plate can be selected by
knowing the type of system the LHO will serve. Smaller holes have an advantage
(Fig. 4) because the momentum of the streams impacting the collection pool is less,
and the resulting bubbles formed will not travel downwards as far (personal
observation). This is advantageous because bubbles that become entrained in the
effluent flow and do not rise back into the LHO chamber will be wasted to the
atmosphere, increasing cost. The trade-off is that the smaller a hole is, the greater
the propensity to clog from biological fouling or particulates. Some consideration
needs to be given at this stage as to the nature of the system the LHO is serving.
The potential for the influent water to plug the holes will weigh heavily on the hole
size chosen. In aquaculture systems, potential sources of clogging will be fish feces,
fish scales, and biological growth. In general, the holes should be sized as small as
possible to create the largest G20 value, but not so small as to incur undue potential
for plugging. A practical choice is a 15 mm diameter orifice hole.
Fig. 4. Predicted G20 as affected by hole size and fall height using a fixed pool depth (13 cm); T=20°C,
=1.00, Y1=15 cm, Y4=61 cm.
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Fig. 5. Predicted G20 as affected by pool depth and hole size using a fixed fall height (61 cm); T=20°C,
=1.00.
This study also characterized the gas transfer that occurs primarily due to the
turbulence and shear at the orifice. The results of this study showed that contribu-
tions to gas transfer by the orifice are not as large as previously supposed.
Comparing the G20 value obtained in this study by taking samples 10 cm below the
orifice plate (prior to pool impact and splash) and comparing this value to the value
for zero packing depth (zero fall height) in the Watten and Boyd (1990) model, a
much lower prediction of G20 is obtained, 0.100 compared to 0.289 from Watten
and Boyd (1990). Using the Watten and Boyd (1990) model to predict gas transfer
in an LHO without packing would result in large over-predictions of gas transfer.
The percent capture of potential gas pressure deficit as related to G20 values is
illustrated in Fig. 7 (obtained using Eq. (2) to predict Cout). This figure illustrates
the exponential type relationship between G20 and effluent dissolved gas concentra-
tions and serves to accentuate that a relatively small numerical difference in G20
value for the orifice has a very substantial impact on predictions of gas transfer. In
effect, the gas transfer occurring due to the orifice hole only is small (10% of the gas
deficit can be obtained) and other means such as fall height (Fig. 6) or packing
must be used to increase the G20 value.
Note that if the relationship for G20 shown in Fig. 6 is used to extrapolate
backwards to zero fall height, a similar G20 value would be predicted to that
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reported by Watten and Boyd (1990). Watten and Boyd (1990) had used extrapola-
tion to a zero packing height (similar to zero fall height) to obtain their estimate of
gas transfer due to the orifice plate (no packing depth). The present study directly
determined this value for near zero fall height instead of using extrapolation.
5. Nomenclature
Cin influent dissolved concentration of a gas species (mg/l)
Cout effluent dissolved concentration of a gas species (mg/l)
dissolved gas saturation concentration (mg/l)Cs
dissolved oxygen concentration (mg/l)DO
G20 overall mass transfer coefficient at 20°C (dimensionless)
GT overall mass transfer coefficient at T°C (dimensionless)
coefficient of determination (dimensionless)R2
temperature (°C)T
hydraulic head over flooded plate (cm)Y1
Y2 hole orifice diameter in flooded plate (mm)
Fig. 6. Predicted G20 as affected by drop height and hole size using a fixed pool depth (13 cm); T=20°C,
=1.00.
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Fig. 7. Predicted effect of G20 value on the percent capture of inlet gas pressure deficit.
receiving pool depth (cm)Y3
Y4 fall height of water from flooded plate to receiving pool (cm)
field water G20/clean water G20 (dimensionless)
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